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ABSTRACT 
Some Aspects of the Salinity of Mancos Shale 
And Mancos Derived Soils 
by 
J·ames C. W"bitmore, Master ol Science 
Utah State University, 1976 
Major Professor: Dr. Jerome J. Jurinak 
Department: Soil Science and Biometeorology 
Initial studies to determine the thermodynamic solubility product 
(Ksp) of gypsum and Caco3 were conducted. The influence of different 
electrolyte salts at different concentrations upon the solubility of 
vi 
gypsum and Caco3 was then tested. Analytical data was utilized in 
conjunction with a computer to calculate the activity of Caco3 and gyp-
sum, the ion pair concentration and the solubility product. Indif-
ferent salts increased the solubility of gypsum and Caco3 , and salts 
with a common ion decreased the solubility of gypsum and Caco3 • 
Lithium was found to be the dominant monovalent cation present in 
these marine derived soils. In most cases the lithium concentration 
was greater than the sodium plus potassium (Na+ + K+) concentrations. 
All soils were found to be high in calcium and sulfate and the 1:1 
soil water suspensions were saturated with respect to the constituent 
mineral gypsum. 
Salt release from Mancos shale is controlled by the parabolic 
diffusion law. Two diffusion controlled reactions occur: (a) a fast 
surface reaction and (b) a slow mineral weathering reaction. The fast 
vii 
reaction, accounting for 80-90 percent of the total salt production is 
due to the dissolution of salt from the surface of the mineral particles 
and to the dissolution of the fine (< .10 mm) mineral fraction. This 
reaction occurred in less than 2 minutes. The slow reaction accounting 
for 10-20 percent of the salt production is due to the dissolution of 
the larger more resistant mineral fraction, and proceeds for several 
days. 
Chemical equilibrium was reached in less than 72 hours for the 
small natural occurring size fraction(< .10 mm), while 7 to 9 days 
''as required for equilibrium in the larger (> . 25 to> 1. 0 mm) size 
fractions, respectively. 
Soil columns were leached with deionized water to allow the calcu-
lation of potential total salt production. A composite surface sample 
had the potential to produce 3.15 tons of salt per acre inch, and 
the salt accounted for 1.89 percent of the soil's total mass. 
(76 pages) 
iNTRODUCTION 
The high salinity levels of the lower Colorado River has not only 
caused international concern with the Republic of Mexico but has become 
an economic factor for water users in the United States. The original 
salt load of the Colorado River in its lower reaches has been estimated 
at between 600-700 ppm. Development of water resources in the upper 
tributary basins has now increased the salt load in the Colorado to 
850 ppm, with a projected salt load of 1300 ppm by the year 2000. 
It has been estimated that 37 percent of the salt load in the 
Colorado River comes from irrigation return flow, 30 percent comes from 
natural saline seeps, salt wells and springs. The remaining 33 percent 
comes from diffuse sources within the natural wildland watersheds 
GMundorff, 1972). One of the major natural contributors to the diffuse 
salt load in the upper Colorado River Basin is considered to be the 
marine derived Mancos shale formation. 
In the Price River Basin, which is situated in East Central Utah, 
this saline marine shale covers approximately 25 percent of the basin 
and accounts for 61 percent of the altudinal range (1100 meters). The 
Price River Basin is reported to be one of the primary salt producing 
areas within the upper Colorado River Basin. Since irrigated agricul-
tural acreage covers less than 2 percent of the area in the Price River 
Basin principal source of salt in the Basin is considered to be diffuse 
sources originating in the wildland waterhseds within the Basin. 
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The salinity of the Mancos shale is associated with the constituent 
mineral gypsum (Caso4 • 2H20) along with variable amounts of limestone 
(Caco3). Occurring with these minerals are the evaporite compounds of 
(1) sodium sulfate, (2) sodium chloride, (3) calcium chloride, (4) 
magnesium chloride, and (5) magnesium sulfate. The saline evaporites, 
which are highly soluble, can be considered as a significant source of 
. . . . . . . 
salt in the waters that percolate through or intersect Mancos shale. 
Hypothetically, the evaporites can affect the salinity production 
of the Price River Basin in three ways: 
1. The presence of these soluble compounds in Mancos derived soils 
causes the soil water and hence drainage and interflow to have a dis-
solved salt load. 
2. The high sodium and lithium content of the evaporites can 
result in a dispersed soil condition. This can reduce infiltration, 
thus increasing surface run-off and erosion of Mancos derived soils. 
In this way both the sediment and salt load is increased in the streams 
crossing Mancos shale areas. 
3. The evaporites have an effect on the solubility of gypsum and 
Caco3 . This effect is manifested in three ways: (a) an indifferent 
salt effect which will cause a net increase in the solubility, (b) com-
mon ion effect which will depress solubility, and (c) ion pair forma-
tion which will increase the solubility of the constituent lime and 
gypsum. 
This study is an attempt to investigate selected mineral and soil 
systems in the Price River Basin in relation to their salt producing 
capabilities as related to their solubility in the presence of 
indigenous evaporite solutions. Data were collected in three systems: 
1. Using pure compounds of gypsum and Caco3 , the influence of 
various evaporite salt solutions at different concentrations on their 
solubility was observed. 
2. Using naturally occurring size fractions of Mancos shale and 
Mancos derived _soils, mineral dissolution rates in various dilutions 
were determined. 
3. Mancos derived soils were leached in laboratory columns to 
predict potential salt production, and the chemical composition of 
effluent {drainage water). 
The effect of evaporite salts upon the solubility of gypsum and 
lime is intended to show what can be expected in terms of the theoreti-
cal composition of water which reacts with these minerals. The kinetic 
studies of the various naturally occurring surface size fractions will 
help define the dissolution rates of Mancos shale as affected by parti-
cle size and composition of the contacting solution. These data will 
aid in predicting the time required for equilibrium when water passes 
through the system. The salt release curve data will allow prediction 
of the total salt production during the weathering of the Mancos system. 
The soils used in this study originated from microwatershed study sites 
located in the Price River Basin. The study sites are a part of a 
larger comprehensive continuing project to investigate diffuse sources 
of salinity in the Colorado River Basin. The major emphasis of this 
study is directed to the practical application of collected soil data 
to land management practices. It is anticipated that data collected 
during this study will aid Federal and state land management agencies, 
e.g., Bureau of Land Management in the formulation of land management 
programs that will influence infiltration, surface water runoff, and 
to increase vegetation production. The ultimate goal is the implemen-
tation of management programs which will help reduce the diffuse salt 
production of wildland watersheds within the Price River Basin. 
4 
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THEORY 
The concentration of electrolytes in most soil solutions is such 
that the soil solution cannot be regarded as an ideal solution. That 
is, the molar concentration of an ionic specie cannot be equated to its 
. . . 
activity. Observed deviations from ideality is generally attributed 
to the ionic interaction between the various ionic species in solution. 
The original attempt to correct ionic interaction in a solution resulted 
in the theory of Debye-Huckel (Glasstone, 1946) which accounted for 
long range electrostatic interaction between ions in relatively dilute 
electrolyte solutions, i . e., < 0.01 molar. The correlation factor which 
corrects a solution for non-ideality is called the activity coefficient 
y. The relation between activity, ai, and concentration mi, of some 
ionic specie, i, is given by : 
[1] 
At concentrations to 0.1 molar, the activity coefficient of the 
ith ionic specie can be estimated by a modified form of the Debye-
Ruckel equation (Glasstone, 1946): 
- log y1 
where A .509 for an aqueous solution at 25°C 
zi valence of specie 
f3 .328 X 10+8 
a
0 
size of hydrated ion 
[ 2] 
The ionic strength, I, is defined as 
I = 1/2 E mi z~ 
i 
[3] 
where mi is the concentration of the ith ionic specie in moles/liter and 
Zi is the valence. The summation is made over all anions and cations in 
solution. The units for ioni~ strength is moles/liter. Th~ Qebye-Huckel 
Theory corrects for the indifferent salt or ionic strength affect in a 
given solution. An indifferent salt is one that does not react chemi-
cally with other ions in solution. 
The equilibrium solubility of gypsum, Caso4 • 2H20, and calcium 
carbonate, Caco3 , in the soil matrix is controlled by the thermodynamic 
solubility product, Ksp of the respective compounds. 
For gypsum (Tanji, 1969; Nakayama, 1971) 
K 
sp 
[Ca2+][S04
2
-][H20J
2 
--------~--~-- = 2.51 x 10-5 at 25°C [4] 
where [] signify activities. It is usually assumed that the pure solid 
phase and water are at unit activity. Since the soil solution is not 
ideal, the above equation is now written: 
where () signify analytically determined concentrations. 
For calcium carbonate, we can write (Nakayama, 1968): 
K 
sp 
which equals 4.26 x 10-9 at 25°C. 
[~ 
[~ 
The carbonate and bicarbonate activity values used in this study 
were calculated from: 
[co;-l 
Kl K2 l<1I Pco 2 
and [Hco;J = 
Kl l<1I Pco2 
[H+)2 [H) 
where K = 1 
10-6.4, first dissociation constant of H2co 3 
K2 10-10.3, the second dissociation constant 
~ = 3.39 x 10-2 , Henry's Law constant 
Pco 2 = Partial pressure of co 2 in the atmosphere 
[H+) Hydrogen ion activity 
of 
[7) 
H2co3 
It is not uncommon to find that the application of the Debye-Huckel 
theory to electrolyte solutions does not totally account for interaction 
between ionic constituents. This situation which becomes important as 
the electrolyte concentration increases requires that an ion pair cor~ 
rection be applied to the solution . An ion-pair results from the close 
range interaction between a cation and anion which produces a soluble 
but undissociated complex which is in equilibrium with the free ions 
(Davies, 1962). Ion pairs can be charged or uncharged complexes. Some 
connnon ion pairs found in saline soil solutions include: 0 0 Caso4 , Caco3 , 
+ - 0 + CaHC03 , Naso4 , MgS04 , Ca(OH) , etc. Both the formation of ion pairs 
and the indifferent salt affect has the result of increasing the 
stoichiometric solubility of any solid phase in a given electrolyte 
solution. However, at a given temperature, the ion activity product, 
that is Ksp' is a constant (Tanji, 1969; Nakayama, 1969). 
An example of ion-pair formation and how its dissociation constant 
Kd is calculated for the CaSO~ complex is given (Tanji, 1968): 
8 
C Soo = ca2+ + so2-a 4 4 [8] 
4,9 X 10-3 at 25°C 
for non-ideal solutions 
. " 2+) ( 2-Yca ,ca Yso4 so4 ) 
Kd = = 4.9 X 10-3 at 25°C 
y CaSO 4 (CaSO~) 
The activity coefficients of neutral ion pairs is taken as unity. 
Table gives the ion-pairs considered in this study and their Kd 
values. 
Table 1. Dissociation constants of ion pairs used in computer program 
Ion pair Kd Reference 
0 Caco3 6.3 
X 10-4 Truesdale & Jones, 1974 
Ca(OH) + 3. 98 X 10 -2 Truesdale & Jones, 1974 
+ CaHC03 5.5 X 10 
-2 Truesdale & Jones, 1974 
Mg(OH)+ 2.51 X 10-3 Truesdale & Jones, 1974 
+ MgHC03 1.18 X 
10-l Truesdale & Jones, 1974 
LiSO~ 2.29 X 10-l Truesdale & Jones, 1974 
0 CaS04 4.91 X 
10-3 Truesdale & Jones, 1974 
MgSO~ 5. 78 X 10-3 Truesdale & Jones, 1974 
MgCO~ 3.99 X 10-4 Truesdale & Jones, 1974 
NaHCO~ 1. 778 Truesdale & Jones, 1974 
In the presence of a mixed salt solution, the stoichiometric 
solubility of gypsum or Caco3 can be affected in several ways: 
1. The indifferent salt or ionic strength effect will increase 
the solubility by decreasing the activity coefficients to a value less 
than unity (see equations [5] and [6]). 
2. Ion pair form11tion will in_crease the solubili_ty by forming 
soluble complexes, thus requiring additional ions to go into solution 
to keep the K constant. 
sp 
3. The common ion effect will decrease the solubility since the 
ion activity product must be constant (see equation [5] and [6]). 
The solubility calculations for systems containing calcium 
carbonate or gypsum in the presence of an electrolyte is complex. The 
use of the computer is almost mandatory. For example, to calculate the 
activity of Ca2+ in solution when CaC1 2 is in equilibrium with solid 
phase Caso4 · 2H2o, the following method is used. 
The total calcium concentration, (Ca)T, experimentally determined 
is: 
using the relation given in equation [1]: 
Then equation [9] becomes: 
9 
2+ 0 + + [ea ] [easo4] [eael ] [eaHeO ] (ea)T = --- + --- + --- + 
Yea Yeaso4 Yeael YeaHeo3 
Since for any ion pair 
0 [eaeo3] +---
Yeaeo3 
Substitution into equation (10) gives 
rea
2
+J rea2+Jrsoz-l rea2+J[el-l 
(ea)T = --- + + 
Yea Kd Yeaso
4 
Kd Yeacl 
2+ -[Ca ][co3 ] +-----'"-
Kd Ycaco3 
where Kd's refer to the appropriate ion pair factoring out [ca2+] 
from equation (12) gives 
10 
[10] 
[11] 
[12] 
[131 
A generalized form for calculation the ionic activity of any ionic 
specie, i, in a mixed salt solution is: 
where i some ionic specie, e.g., Ca2+, SO~-, etc. 
activity coefficient of the free uncomplexed ion 
(ji), charged or uncharged 
Kd = dissassociation constant for the ion pair (ji). 
[14] 
The summation covers all possible complexes between the ith ionic 
specie and all the oppositely charged jth species in solution. It is 
11 
assumed that the activity coefficient for all neutral ion pairs is unity 
and that the activity coefficients of all +1 or -1 charged ion pairs 
equals the activity coefficient of the Hco; , i.e. y HC0
3
• 
Kinetics of dissolution 
In reactions occurring at surfaces, e.g., adsorption, dissolution, 
etc., the process of ion diffusion from and to the surface can often be 
the rate limiting step (Laidler, 1965). The region wherein diffusion 
is limiting is the liquid boundary layer or film immediately adjacent to 
the surface . In this region the concentration of the diffusing specie 
will be different from its concentration in the bulk liquid phase. 
If mineral solubility (dissolution) is controlled by diffusion, 
then the rate of reaction is inversely proportional to the thickness of 
the boundary layer or film. If x is the amount of the diffusing material 
(salt) and t is the time, then 
[15] 
12 
Integrating equation l gives 
2 
X 
2 kt 
or X = (2kt) 112 
then X = k'(t)l/2 [16] 
where k' is the overall diffusion constant. Equation (15) is known as 
the parabolic law (Laidler, 1965). A plot of x vs It should produce a 
straight line, whose slope equal k', if mineral dissolution is diffusion 
controlled. 
REVIEW OF LITERATURE 
Gypsum may be the principal salt contributing to soil and water 
salinity (Tanji and Doneen, 1966). Because of the presence of gypsum 
in many arid regions, its solubility in relation to other salts is 
significant in the study of irrigation waters, soil solutions and 
percolating ground waters. Numerous studies of the solubility product 
and solubility of gvpsum (Caso4 ' 2H20) and lime (CaC03 ) have been 
performed in dilute salt solutions with close attention being paid to 
ion pair formation which can strongly affect the solubility of both 
compounds. 
13 
Nakayama (1969) studied the theoretical thermodynamic distribution 
of calcium sulfate, bicarbonate and carbonate complexes in the soil. 
Under saturated Caco3 conditions in equilibrium with the atmosphere, 
20 to 25 percent of the total solution Ca was in ion pairs and complex 
forms of which 95 percent of the ion pair species were in the CaCO~ 
0 form. The Caso4-carbonate equilibrium was pH dependent. At low pH 
0 -
values the Caso4 - HC0 3 reaction dominated and at high pH values the 
0 2-Ca$04 - co3 reaction dominated. 
Sodium salts increase the solubility of gypsum (Nakayama, 1971). 
Among the Na salts of the same concentration the solubility of gypsum 
was NaOAC > NaN0 3 > NaCl > NaCl03 . The dissassociation constants of 
- + + 0 0 CaCl , CaNo 3 , CaAOC , NaOAC and NaN03 were computed from the solubility 
behavior of the solid. This study showed that increasing the Na salt 
content concentration up to 1 M increased the solubility of gypsum, 
however, beyond 1M concentrations, additional correlations had to be 
made to the Debye-Huckel extended theory. 
The presence of MgC1 2 or NaCl up to 1 M increased the solubility 
of gypsum (Ostroff and Melter, 1966). However, when both MgC1 2 and 
NaCl were mixed in the same solution the increase in gypsum solubility 
The was not additive between the single solutions of MgC1 2 and Na~l. 
MgC1 2 caused larger increment increases in gypsum solubility than did 
the NaCl alone. In solutions containing several dissolved salts at 
high concentrations, the resulting increase in gypsum solubility did 
14 
not conform strictly to thermodynamic theories of electrolyte solutions 
which pertain to the solubility of the dissolved component, and additi-
tional corrections must be taken into consideration. 
Tanji (1969) used a computer program to calculate ion association 
and the solubility of gypsum in aqueous electrolyte systems (NaCl, 
MgC1 2 , Na2so4 , Mgso4 , Caso4 , or their mixtures) of limited ionic 
strength and at zs•c. His program accepts non-equilibrium input solute 
concentrations, and considers simultaneously the Debye-Huckel theory, 
the solubility product (Ksp) of gypsum, and the dissociation constant 
(Kd) of CaSO~, and Nasa: to predict equilibrium concentrations, without 
prior equilibrium measurements . He found the predicted cationic 
activities and stoichiometric solubili ty of gypsum were in general 
agreement with actual observed values. In solutions of increasing 
concentrations of NaCl, the solubility of gypsum was increasingly 
enhanced because of the decrease in the activity coefficient and the 
increase in Nasa: complexation. 2-0wing to the association of so4 with 
Na+, the activity of SO~- decreased and concurrently the activity of 
15 
SO~- decreased and concurrently the activity of ca2+ increased, as 
governed by the Ksp of gypsum . Gypsum solubility of MgC1 2 was greater 
than in NaCl owing to the higher chemical potential and greater associa-
tion of MgSO~, as compared to Nasa:, which further reduced the activity 
2-
of so4 • It is commonly held tha NaCl and MgC1 2 are indifferent salts 
.relat i v.e . t o gyps.uro, . bu r. these r P.snlts . shoJN .that they are no.t .ind i ff.,r~nt 
salts in the true sense . The cations of these salts can interact 
with the sulfate ion in solution. In the presence of a common ion, 
ca
2+ from cac1 2 or SO~- from Na2so4 and Mgso4 , the solubility of 
gypsum is repressed as a result of an increase in activity of 
the common ion and corresponding decrease in activity of the other 
2- 2+ ion, so4 or Ca . With increased electrolyte concentration, the 
solubility was further reduced. The dissolution of gypsum in Na2so4 
was greater than in CaC1 2 because of Nasa: complexing, and less than 
0 -in MgC1 2 because Mgso4 association was stronger than Naso4 . Because 
of the incorporation of the Nasa: ion pairs, and more refined pro-
cedures for computing the MgSO~ ion pair activity, the calculated 
solution parameters differed slightly from those reported previously 
by Tanji (1969). 
Kemper et al. (1975) studied the dissolution rates of various 
size fractions of gypsum in relation to the velocity of water flowing 
through gypsum fragments. The amount of gypsum dissolved was found to 
be indirectly related to the time the water was in the column. With 
increasing velocity through the column, the time the gypsum fragments 
were exposed to the water decreased, but the decrease i n dissolution 
was not closely related to time. Therefore, turbulence or some other 
16 
factor accelerates dissolution at high flow velocities . This could be 
partially explained by the fact that the ions are rapidly removed and 
have less chance to be r eadsorbed on the fragment. This method of 
flushing water through beds of gypsum to effect dissolution may have 
practical significance in the reclamation of saline soils. 
In orde:r to 11redict the aff.ect of le_ac_hing on water quality, it is 
necessary to know the composition of the water passing through the 
soils high in gypsum. Using equilibrium relationships to calculate 
the solubility of Caso4 in solution and the exchange of Ca
2
+ and Mg 2+ 
by the soil exchange complex, Dutt (1962) found that the Debye-Huckel 
theory could be used to predict the equilibrium concentrations or 
activities of the ions in solution and ions adsorbed to the exchanger. 
Although complex formation was not considered, he found that the Ca and 
Mg concentrations calculated for the equilibrium solution were functions 
of the initial concentrations of the ions on the exchange complex and 
the soil solution. By leaching soils containing various amounts of 
gypsum with NaCl and MgC1 2 , Dutt (1964) was able to show the affects of 
dilute salt solutions upon the solubility of gypsum. The salt break-
through curves for Na+ were not affected by the presence of gypsum, 
however, the break-through curves for Mg 2+ were dependent on the amount 
of Caso4 · 2H2D present in the system. When small amounts of gypsum 
were present, Mg 2+ concentrations in the effluent increased and reached 
a plateau at some concentrat i on below that of the solution entering 
the column. The length of the plateau and the concentration at which 
it occurs were functions of the amount of gypsum present in the system. 
When the gypsum was leached from the system, the Mg 2+ concentration 
increased to a value approaching the concentration of the solution 
entering the column. 
Dutt and Tanji (1962), using a computer program to predict the 
concentrations of solutes in water percolated through a column of soil 
found good correlation with the observed concentration. Their program 
allows one to synth~size _ theoretical salt-break t~rough curves for 
the purpose of predicting water quality. 
Doner and Pratt (1969) precipitated calcium carbonates in the 
presence of var ious salts at controlled co 2 partial pressures and 
compared the results to the solubility of pure calcite. In MgC1 2 
solutions, the solubility of the precipitate was higher than that of 
17 
calcite. In solutions of Na 2so4 , the solubility of the precipitate 
was higher than in MgC1 2 solutions. Therefore, the solubility of Caco3 
seemed to be related to the formation of other polymorphic phases of 
Caco3 besides calcite. 
/~ Calcium activity, complex formation, and ion pair formation were 
studied under saturated Caco3 conditions by Nakayama (1968). He noted 
that in calcareous soils Ca complexes besides those of sulfate were 
present, and that in a saturated Caco3 solution under pressure condi-
tions resembling those of the atmosphere, the following forms of Ca 
could be found: Ca2+ form accounted for 80 percent of the total Ca 2+ 
in solution; the remaining 20 percent was made up of Caco3 , with the 
0 CaC03 ion pair form predominating. Olsen and Watanabe (1959) found 
that calcareous material in soils was more soluble than calcite. This 
- ~ 
causes higher pH, Hco3 and Ca concentrations in the soil solution 
than that predicted using calcite thermodynamic data. Equations 
18 
relating Pco 2 to calcite solubility cannot be applied directly to the 
calcareous soil system. Solubility studies in calcareous soils should 
i l d f P C 2+ 2+ - d nc u e measurements o co 2 , pH, a , Mg , HC03 , an ionic strengths 
of the equilibrium extract. 
In any study of carbonates or sulfat es, the interactions between 
the ionic species present are manifested in the concentrations that exist 
at equilibrium. 
Cruz-Romero and Coleman (1974) working on reactions between calcium 
carbonate, carbon dioxide, and sodium saturated exchangers found that 
the pH and Pco 2 were of importance in predicting system equilibrium. 
Under increasing co 2 pressure, Na displacement from soils high in car-
bonates was greatly enhanced. Akin and Lagerwerff (1965) found the 
equilibria in the carbonate system to be most easily predicted under 
Pco2 closely related to atmospheric pressures. 
Ponnaperuma (1967) reported that aqueous carbonate equilibria or 
lack of it influenced: (a) deposition and dissolution of carbonate 
sediments, (b) the pH of ground waters, (c) soil forming processes, 
(d) pH of sadie, calcareous, and reduced soils, and (e) the distribution 
and solubility of calcium and magnesium carbonates. In this system the 
most important variable was the partial pressure of co 2 , since the pH, 
POH, cation and bicarbonate activities are functions of Pco 2• 
EXPERIMENTAL PROCEDURE 
Gypsum and calcium carbonate solubility 
Three grams of Caso4 · 2H20 and 1 gram of Caco3 were placed in 
separate Erlenmeyer flasks and 100 ml of deionized water was added . 
The flasks were shaken in a water bath maintained at 25 ± 1.0 C for 
72 hours until equilibrium was reached. The suspensions were vacuum 
filtered through GF/A glass fiber filters and the filtrate was 
19 
analyzed for constituent ions. All cations were analyzed by atomic 
absorption spectrophotometry (Perkin-Elmer Model 303). Chloride 
analyses were done potentiometrically by titration wi~h AgN03 according 
to standard methods (Bureau of Reclamation, 1967). Sulfate analyses 
were done gravimetrically using the Baso4 precipi tation technique 
(Bureau of Reclamation, 1967). The activities of carbonate and bicar-
bonate ions were calculated from solution pH, Pco 2 and appropriate 
equilibrium constants using familiar equations. The pH was measured 
using an Orion Model 404 pH meter incorporating a glass electrode . 
The electrical conductivity (EC) was measured using a pipette conduc-
tivity cell and a Beckman Model 19A Conductance Bridge. The concentra-
tions of the various ions were converted to activities by applying 
the proper corrections for the activity coefficients and ion pair 
formation. The Ksp or ion activity product for gypsum and calcium 
carbonate was then calculated. The above procedure for each of the two 
minerals was repeated with the additions of each of the following 
salts: NaCl, Na2so4 , MgC1 2 , and CaC1 2 at concentrations of 10, 25, 
50, and 100 meq/liter. 
Kinetics of dissolution 
A composite surface soil sample was taken from the field study 
site in the Price River Basin. Half of the sample was sieved and the 
natural size fractions separated. Ten gram samples of the natural 
composite sample and 10 grams of each of the natural size fractions 
20 
(> 1 mm, > • 25 mm, > .1.0 mm, < .10 mm) were weig)led o1,1t , The l,ln!lieved 
samples were diluted as: 1:1, 1:10, and 1:50 with deionized water and 
the four natural occurring size fractions were all diluted 1:1. The 
samples were shaken in a water bath at 25 ± l°C. At various time 
intervals the suspensions were filtered under vacuum using GF/A glass 
fiber filter paper. Micropore filter techniques were tried and found 
to be unsatisfactory due to the slow filtration rates achieved. Fil-
trates were analyzed for electrical conductivity (EC). The dissolution 
process was measured at various times, with a range of from 1 sec to 
72 hours. At 72 hours approximately 95 percent of the equilibrium 
EC was reached, however true equilibrium times ranged from 7 to 9 days 
in the natural size fractions, but was somewhat more rapid in the 
sieved small size fractions. Equilibrium samples and timed samples 
were analyzed for constituent ions by the previously discussed methods. 
Soil columns 
A composite surface soil was leached with deionized water. A ten 
gram sample of soil was mixed with ten grams of washed silica sand and 
placed in a chromatagraphic column with a fritted glass filter. An 
automatic fraction collector, SMI Model 1260, was used with a ten ml 
fraction collector. Electrical conductivity was measured on each 10 ml 
increment. The flow rate was controlled at 5 rnl/hr and flow was 
continued until no further reduction in EC was measured. Salt release 
curves were then constructed by plotting EC vs ml of effluent. 
In all studies analytical concentrations were converted to activi-
ties, and the thermodynamic solubility product (Ksp) was calculated. 
RESULTS AND DISCUSSION 
Gypsum solubility studies 
Initial studies were conducted to experimentally determine the 
thermodynamic solubility product (Ksp) of reagent grade Caso4 · 2H 20 
(Baker Chemical Co., Lot #34681). The value for the Ksp of gypsum in 
deionized water determined in this study was 2.54 x 1n-5 which is in 
close agreement· with published results of 2 .51 x 10-5 (Tanji, 1969). 
Additions of 10, 25, 50, and 100 milliequivalents per liter of 
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NaCl, MgC1 2 , CaC1 2 , and Na 2so4 were added to separate pure Caso4 2H20 
systems to show the affect of various electrolyte solutions on the 
stoichiometric solubility of gypsum. Table 2 shows the experimentally 
determined concentrations of each ionic specie in solution while Table 
(columns 2-6) shows the same data except the concentrations are con-
verted to activities. Column 7 through 9 give the activities of the 
predominate ion pairs in solution and column 10 gives the ion activity 
product for gypsum calculated from the data. Appendix 1 shows the cal-
culated activity coefficients for each of the ionic specie in solution. 
All analytical data are reported in mmol es per liter, however the salt 
treatment concentrations are given in milliequivalents per liter to 
simplify graphing. To convert milliequivalents to millimoles, divide 
by the valence of the specie in question. Figure 1 shows the influence 
of each salt upon the solubility of gypsum. These data are the same 
as given in Table 2 and represent the average of three replications. 
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Table 2. EC, pH and analtyical data in mmoles/liter for gypsum + salt 
system * 
Species pH EC x 106 ca2+ Na+ Mg2+ so2-4 Cl-
Caso4 · 2H20 4.90 2,287 15 .45 l.') . j2 
10 meq NaCl 4.42 3,390 16.68 10.64 16.91 10.50 
25 meq NaCl 4.51 5,050 19.98 25.06 20.03 26.54 
50 meq NaCl 4.55 7,460 21.48 49.82 21.84 52.38 
100 meq NaCl 4 . 59 12,200 22.39 95.74 22.56 99.51 
10 meq MgC1 2 4.55 3,180 17.37 4.46 17.87 11.42 
25 meq MgC1 2 4.55 4,786 21.82 13.42 22.13 25.01 
50 meq MgC1 2 4.51 7,180 23.47 24.67 23.98 50 .30 
100 meq MgC1 2 4.40 11,700 25.86 46.39 25.77 99.18 
10 meq CaC1 2 4.56 2,850 13.50 13.79 10.68 
25 meq CaC1 2 4.51 4, 238 16.75 11.06 28.50 
50 meq CaC1 2 4.48 6,540 22.75 9. 54 51.34 
100 meq Cac1 2 4.38 10,700 47.18 8.83 100.20 
10 meq Na2so 4 4.74 2,550 13.84 10.13 13.46 
25 meq Na2so4 4.85 3,442 11.41 25.14 21.87 
50 meq Na2so4 4.98 4,200 10.98 48.19 28.53 
100 meq Na2so 4 5.06 6,420 10.41 89.19 47.40 
Mean value of 3 replications. 
Table 3. Activities and ion-pair activities in gypsum + salt system* 
Species a ca2+ a Mg 2+ aNa+ 2-a so4 a Cl 
Caso4 . S0£-2 . S0£-2 
10 meq NaCl . S0£-2 . 85£-2 . Sl£-2 . 84£-2 
25 meq NaCl . 55£-2 .19£-1 . SS£-2 .20£-1 
SO meq NaC1 . SS£-2 . 37£-1 . SS£-2 .39£-1 
100 meq NaCl • S3£-2 . 69£-1 . 51£-2 • 71£-1 
10 meq Mgc1 2 . 53£-2 . 14£-2 .49£-2 .91£-2 
2S meq MgC1 2 . 61£-2 .40£-2 . 49£-2 .19 £-1 
50 meq MgC1 2 . 62£-2 • 69£-2 . 49£-2 .37£-1 
100 meq MgC1 2 . 63£-2 .12£-1 . 38£-2 .70£-1 
10 meq CaC1 2 .44£-2 .46£-2 . 87£-2 
2S meq CaC1 2 . S8£-2 • 32£-2 . 22£-1 
SO meq CaC1 2 . 78£-2 - . 23£-2 .40E-1 
100 meq CaC12 .14£-1 .14£-2 . 73E-1 
0 Caso4 MgSO~ 
. 2S£-2 
. 24£-2 
. 24£-2 
. 22£-2 
.18£-2 
. 24£-2 . 57£- 3 
. 24£-2 .13£··2 
. 20£-2 .19£--2 
.14£- 2 . 25£-2 
• 20£-2 
.17£-2 
.15E- 2 
.14£-2 
NaSO~ 
. 49£-4 
.11£-3 
. 20£-3 
• 33£-3 
K 
sp 
. 2S£-4 
. 26£-4 
. 30£-4 
. 30£-4 
• 27£-4 
.26£-4 
. 30£-4 
• 28£-4 
. 24£-4 
• 21£-4 
.19£-4 
.18E-4 
. 21£-4 
N 
..,. 
Table 3. Continued 
Species a Ca 2+ a Mg 2+ + a Na 
10 meq Na 2so4 . 46E-2 .83 E-2 
25 meq Na2so 4 .30E-2 . 20&-1 
50 meq Na 2so 4 . 25E-2 .37E-l 
100 meq Na 2so4 . 23E-2 .49&-1 
-4 JOn pairs with activities of < 10 not included. 
* E = X 102 
2-
a so4 a Cl CaSO~ 
.44 E-2 . 20E-2 
. 74E-2 . 20E-2 
. 92t:-2 .18c-2 
.43&-1 .15 E-2 
MgSO~ NaSO~ 
. 43 E-4 
.16 E-3 
, 36E-3 
, 48E-3 
K 
sp 
, 20E-4 
, 22E-4 
. 23E-4 
. 23E-4 
"' '-" 
3 
~ ~25 
0 
U20 
. 
_j 
'15 (./) 
_j 
010 2: 
E 5 
Ca vs MgCI2 =o 
Ca vs NaCI=~ 
Ca vs Na2so4=o 
so4 vs CaCI2 =+ 
10 25 50 
MEQ/L. SALT 
Figure 1. I nfluence of var ious electrolytes upo n the s olubili t y of gypsum. 
100 
N 
"' 
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It is of interest to note the affect of each increment of various 
salts upon the solubility of gvpsum as measured by the total concen-
~ ~ tration of Ca or so4 . Experimental data (Table 2 and Figure 1) 
show that both NaCl and MgC1 2 increase the concentration of ca
2+ on 
2 so 4 in solution. However, Table 3 shows that the activities of these 
ions remain relatively constant. The presence of NaCl increases the 
solubility of gypsum because it i ncreases the ionic strength of the 
solution which, i n turn, is reflected by a decrease in the activity 
coefficient (see equation [4]). To maintain a constant activity of 
~ ~ Ca or so4 in solution as demanded by thermodynamic theory, the molar 
solubility must increase. The greater solubility of gypsum in the 
presence of MgC1 2 is due not only to the increased ionic strength 
(lower activity coefficient) associated with a 2:1 salt, but also to 
the fact that MgSO~ ion pair formation occurs. Ion pair formation 
also i ncreases the molar solubility of gypsum. It is noted that the 
solubility of gypsum was increased by about 170 percent (1.7 times) 
in the presence of NaCl or MgC1 2 at the higher concentrations. 
The addition of CaC1 2 or Na 2so4 both reduce the stoichiometric 
solubility of gypsum. This is caused by the common ion effect . Table 
3 shows that as either Cac1 2 or Na 2so4 is added, the corresponging 
activities of ca2+ or SO~- are invers ely related. However, again the 
ion activity product (Ksp), stays relatively constant for any given 
treatment. These data infer that the common ion principle has a 
stronger effect on gypsum solubility than do both the indifferent salt 
affect and ion pair formation combined. For the salt systems studied, 
the majority of data could be included in the Ksp value of 2.5 * 
.5 X 10-5" 
At any given temperature, the thermodynamic Ksp should be a 
constant. In the pure Caso4 • 2H20 systems this data showed a Ksp of 
2.5 ± .01 x 10-5. 
Caco3 solubility studies 
As was done with gypsum, the initial studies were conducted to 
determine the thermodynamic solubility product (Ksp) of reagent grade 
Caco3 (Baker Chemical Co., Lot #336154). The Ksp' as determined in 
-9 this study, was 3.3 x 10 which is lower than the accepted value of 
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4.5 x 10-9 for calcite. The reason for this discrepancy is not known. 
O'Conner (1975), using data found in literature, calculated the average 
Ksp of Caco 3 from 74 widely variable natural systems. He corrected for 
the indifferent salt affect and ion pair formation. The average Ksp 
found was 3.31 x 10-9 which is in good agreement with the value found 
in this study. 
The analytical data from the addition of 10, 25, SO, and 100 meq/1 
of NaCl, Na2so4 , MgC12 , and CaC1 2 added to separate saturated Caco3 
solutions are shown in Table 4. Table 5, columns 2 to 8, show the same 
data in terms of activities and column 9 to 12 give the activities of 
the predominate ion pairs. The calculated K value for each solution 
sp 
is given in column 13. The Ksp value for caco3 was found to be more 
variable in the salt solutions than the Ksp for gypsum. The effect of 
salt was to consistently lower the Ksp relative to the value found in 
the pure caco3 system. The explanation for these data are not obvious. 
No distinct trends are noticed between the K values and the salt 
sp 
concentrations. 
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Table 4. EC, pH and analytical data in mmoles/lit er for CaC03 + sal t 
system* 
Species pH EC x 106 Ca 2+ Na+ Mg2+ so
2
-
4 Cl 
Caco3 8.32 86.35 .27 
10 meq NaCl 7.98 1,225 0.46 8 . 66 16.25 
25 meq NaCl 7.93 2,769 0.72 26.11 29.58 
50 meq NaCl 8.04 5,283 0.56 49.61 54.58 
100 meq NaCl 8.17 10,157 0.65 100.30 104.17 
10 meq MgC1 2 7.74 1,170 0.49 3.96 15.42 
25 meq MgC1 2 7. 71 2,681 0.58 8 . 75 30.83 
50 meq MgC1 2 7. 84 4,928 0.66 23.04 55.00 
100 meq MgC1 2 7.95 9,349 o. 78 42.59 lnl. 67 
10 meq Na2so4 7.97 1,138 0.55 10.95 7.42 
25 meq Na2so4 8.06 2,485 0.65 25.33 17.77 
50 meq Na2so4 8.17 4,695 o. 71 50.26 26.69 
100 meq Na2so 4 8.30 8,557 0.87 102.7 50 . 53 
10 meq CaC1 2 7.18 1,006 4. 94 13.85 
25 meq CaC1 2 7. 24 2,320 10.73 25.73 
50 meq CaC1 2 7.20 4,244 25.28 49 . 48 
100 meq CaC1 2 7.00 7,590 49.40 93.42 
*Mean value of replications. 
Table 5. * Activities and ion pairs of a caco3 + salt solution 
Species a ca2+ 2+ + a Hco; 
2- 2- - CaSO~ CaCO~ + MgSO~ NaSO~ a prod a Mg a Na a co3 a so4 a Cl CaHC03 
Caco 3 .lSE-2 . 78E-3 . 21E-5 .33E-8 . 79E-ll . 33E-8 
10 meq 
NaCl • 29E-3 . 77E-2 . 3flE-3 . 58E-6 .14E-l .17E-6 . 91E-6 .17E-9 
25 meq 
NaCl . 38E-3 . 22E-l . 29E-3 . 43E-6 . 25E-l .14£-6 . 93E- 6 . 17E-9 
50 meq 
NaCl . 25E-3 . 40E-l . 35E-3 . 59E-6 .4fJE-l .12E-6 . 64E-6 .15E-9 
100 meq 
NaCl . 24E- :i . 77E-l .41E-3 .67E- 6 . 79E-l .96E- 7 . 54E-6 . 16E-9 
10 meq 
MgC1 2 . 29E-3 .24E-3 .lSE- 3 . 63E-7 .13E-l . 17£-7 • 54E-6 .lSE-10 
25 meq 
MgC1 2 .29E-3 . 45E-2 . 17E-3 .37E-7 • 25E-l .90E-8 .42E-6 .llE-10 
50 meg 
MgC1 2 . 27E- 3 . 97E-2 . 20E-3 . 29E-7 . 43E-l .53E-8 .33E-6 . SlE-11 
100 meg 
MgC1 2 .26E-3 .15E-l . 23E-3 . 31E-7 .74 E-l .44E-8 . 29E-6 • 83E-ll 
10 meg 
CaC12 . 29E-2 • 57E-4 .SOE-8 .12E-l . 23E-7 .16E-5 . 24E-10 
25 meg 
CaC1 2 . 55E-2 .67E-4 .76E-8 . 21E-l • 34E-7 . 29E- 5 . 41E-10 
w 
"' 
Table 5. Continued 
Species a ca2+ a Mg 2+ + aNa a Hco; 
2-
a co3 
50 meq 
CaC1 2 .lOe:-1 .46e:-4 . 27e:-8 
lOfl meq 
CaC1 2 .16e:-l . 25e:-4 .70e:-9 
10 meq 
Na2so4 . 2le:-3 . 94e:-2 . 29e:-3 .53e:-6 
25 meq 
Na 2so4 .17e:-3 . 20e:-l .35e:-3 .67e:-6 
50 meq 
Na 2so4 .15£- 3 . 39e:-l . 43e:-3 . 85e:-6 
100 meq 
Na 2so 4 .13e:-3 .75e:-l .64e:-3 .lSe:-5 
*e: = x lOn 
2-
a Cl - CaSO~ 0 a so4 Caco3 
. 3Re:-l .lBe:-7 
.68e:-l .6le:-8 
.4le:-2 .lOe:-3 .15e:-6 
.BOe:-2 .13e:-3 .15e:-6 
.lOe:-1 .13e:-3 .16e:-6 
.lSe:-1 .14£-3 • 23£-6 
+ CaHC03 MgSO~ 
. 29e:-5 
. 19e:-5 
.88e:-6 
. 77e:-6 
• 75e:-6 
.86e:-6 
Nasa: 
. 50e:-4 
.19e:- 3 
. 43e:-3 
.lle:-2 
a prod 
. 28e:-10 
.lle:-10 
.lle:-9 
.lle:-9 
.13e:-9 
. 22e:-9 
w 
'"' 
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Figure 2 and Table 4 show the affect of NaCl, MgC1 2 and Na2so4 on 
the stoichometric solubility of Caco3 . The solubility increases in all 
three salts. However, there is not a great difference between the type 
of salt used. The tendency of Caco3 to be slightly more soluble in 
the 0 Na2so4 solution is considered to be due to the formation of CaC03 
i oL pairs at the highest el ect~oly t e treatmeat; the -sslubility cf Ceco3 
was increased 250 percent (2 . 5 times) . The addition of CaC1 2 (data 
not shown in Figure 2) depressed the solubility of caco3 . This affect, 
as with gypsum, is the result of the common ion effect . 
Soils of the Price River Basin 
Soil samples were collected from nine microwatershed study sites 
(see Appendix 4) at an ongoing salinity project in the Price River 
Basin. The nine samples were collected at the 0-1, 1-6, 6-12 inch 
depths. A 1 : 1 soil to wat er ratio suspensions were made of the samples, 
they were then shaken in a water bath maintained at 25 ± 1•c for 48 
hours and vacuum filtered through glass fiber filter paper. Table 6 
shows the analytical data of the filtrate in mmoles per liter. Column 
11 (Table 6) shows the thermodynamic Ksp of Caso4 · 2H2o cal culated 
from the activity data gi ven i n Table 7. It is of interest to note 
that site 2 (0-1), and site 9 (0-1), (1-6) were the only samples 
analyzed that were not saturated with respect to gypsum. All other 
sites were saturated or super s aturated with respect to gypsum . 
To approximate what the analyses would be of a saturation 
extract of the soils sampled, the data in Table should be multi~ 
plied by 2.1. This factor arises from the fact the average satura-
tion percentage of the soils analyzed was about 48 percent. 
Co vs Na2Sat=D 
Co vs MgCI2=0 
o(¥)1.01 Co VS NoCI=~ 
u.90 
8.80 
. . 70 
_j .60 
V) .5 
c5 AO 
2:.3 
E·2 
.10 
10 2-5 5 
MEQ/L. SALT 
Figure 2. Influence of various electrolytes upon the solubility of caco3 • 
100 
w 
w 
Table 6. EC, pH analytical data of nine soil sites in the Price River Basin in mmo1es/liter 
Site Depth pH ECx106 c/+ N/ Mi+ K+ Li+ 
HC0 3 C1 - 2- K spcaso4 (in) 
co3 so4 
0-1 8.2 2439 18.25 0.45 0.15 0.39 2.88 1. 83 0.4() 19.56 3.19£-5 
1-6 8.2 2371 16.88 1.09 1.43 0.67 3.89 0.97 0.25 19.16 2. 90£-5 
6-12 8.0 2425 16.73 1.19 2.66 0.32 5.19 1.34 0.25 21.12 2. 98£-5 
2 0-1 R.3 374 2.40 0.75 0 0.24 0. 58 1.66 0.45 2.54 1. 90£-6 
1-6 8.0 2227 16.17 0.75 0.32 o. 20 5.33 0.89 0.30 16.94 2.66£-5 
6- 12 7.9 2310 16.97 (). 94 0.57 0.17 1.30 0.93 0.25 17.95 2. 89£-5 
0-1 8 . 3 2311 17.70 0.57 .09 0.35 1.15 1.26 0.45 18.91 3.08£-5 
1-6 8.3 2298 17.37 0.81 0.45 ().37 3.fl3 0.93 0.40 18.14 2. 92£-5 
6-12 R.1 2953 13.48 5.55 3 . 60 fl.30 8.07 0.97 1. 23 20.34 2.38£-5 
4 0-1 8.4 3607 17 .go 15.6 1.19 0.47 2.88 1. 62 8.59 23.39 3.21£-5 
1-6 s.o 7914 15". 30 92.7 1. 59 0.53 3.03 1.42 14.86 54.50 3. 61£-5 
6-12 8.1 13960 13.95 182.3 3.96 0.40 3.89 1. 54 21.48 98.24 
0-1 8.4 2051 20.10 3.38 0.79 0.36 1.15 1.62 2.96 20.05 3. 37£-5 
1-6 7.9 6749 26.40 69.0 2. 34 0.42 3.31 1. 83 7.41 53.84 6. 01£-5 
6-12 8.4 8000 12.30 89.R 2.17 0.33 3.17 1. 62 9.50 54.10 2. 95£-5 
0-l 8.4 2570 17.45 4.68 o. 74 0.49 3. 89 2.23 2.06 18.98 2. 93£-5 
1-6 8.1 7923 13.45 85.60 1. 96 1.05 5.33 1. 62 6.50 54.12 3.23E-5 
6-12 8.2 9880 14.50 122.50 3.04 1.03 5.62 2.23 9 . 71 71.02 3. 63£-5 
0-l 8.0 2410 17.57 0.60 0.51 0.48 1.30 1.62 0.99 18.41 2.99E-5 
1-6 8.1 2542 17.27 1.93 1.49 0.60 3.17 1. 50 1.67 21.85 3.17E-5 
6-12 8 . 2 4244 12.04 26.50 3.15 0.52 4.61 1. 87 3.45 29.65 2. 52E-5 
not 
7* (}-1 8.4 2495 18.47 0.44 0.33 0.42 analyzed 2.56 0.25 17.04 2. 96E-5 
l-6 8.4 2607 19.36 2.23 1. 56 0.49 1.18 0.50 19.34 3. 21E-5 w 6-12 8.3 5978 13.07 48.00 4.37 0.50 -- 2.15 3.22 38.28 2. 91E-5 ~ 
Table 6. Continued 
ECxl06 2+ + 2+ + 
+ 
Site Depth pH Ca Na Mg K Li 
8 0-l 8.3 2397 17.86 0.63 0.85 0.34 l. 30 
1-6 8.2 2641 20.90 2.16 1.66 0.31 2.88 
6-12 8.2 3164 15.21 10.,95 2.59 0.33 3.89 
not 
8* 0-1 8.2 2351 16.88 0.59 0.90 1).33 analyzed 
1-6 8 . 1 3098 16.44 11.03 2.18 0.37 
6-12 8.2 4654 12.04 34.15 2.37 0.41 --
9 (}-1 8.4 1013 6.49 0.55 0.15 0.33 0.86 
1-6 8.3 2548 13.91 3 . 42 0.89 0.34 3.03 
6-12 8.2 3928 13.62 24.49 1.90 0. 39 3.31 
not 
9* 1)-1 8.3 1950 13.06 0.59 0.86 0.34 analyzed 
1-6 8.2 2704 16.08 5.64 1. 58 0.32 
6-12 8 . 3 5015 13.67 38.39 3.00 0.41 --
*Sites with asterisk denote .54 i n rainfall and 72 hours drying. 
HC0 3 -co 3 Cl 
l. 62 0.4 5 
l. 34 0. 70 
1.18 0.9 2 
l. 30 0.25 
l. 26 1).84 
l. 06 l. 6'7 
2.23 0.35 
1.14 0.45 
1.42 l. 39 
1. 54 0.20 
1. 22 0.65 
1. 42 1. 57 
so2-
4 
18.84 
25.96 
23.46 
17.56 
30.62 
38.19 
7.75 
15.78 
28.47 
14.94 
20.44 
34.21 
KspCaS04 
3. 05£-5 
4. 01£-5 
2. 88£-5 
2. 83e:-5 
3. 56£-5 
2.82e:-5 
8. 80£-6 
2. 26£-5 
2. 83£-5 
2.15£-5 
2. 9le:-5 
2. 98e:-5 
w 
"' 
Table 7. Activities and ion pair activities in nine soil sites in the Price River Basin 
Site a Ca2+ a Mg 2+ a K+ a Na+ 2- a Cl - aLi+ 0 + 0 NaSO~ 0 LiSO~ Depth a so4 Caso4 CaHC03 Mgso 4 NaHC03 
G-1 . 54E-2 .47 e:-4 . 31E-3 .35E-3 .59E-2 .32e:-3 • 25e:-2 . 30E-2 . 29 e:-4 .23e:-4 . 24E-5 . Sle:-7 .42e:-4 
1-6 • soe:-2 .45e:-3 • 52e:-3 .sse:-3 .sse:-2 .2oe:-3 . 32e:-2 . 27 e:- 2 .26e:-4 . 2le:-3 . 58E-5 • 2oe:-6 . sse:- 4 
6-12 .47 e:-2 • Ble:-3 • 25e:-3 .95e:-3 .62e:-2 .2oe:-3 .42e:-2 • 27e:-2 .lse:-4 . 40E-3 • 67e:-5 • 14 E-6 . 78E-4 
G-1 .13e:-2 . 2le:-3 .67 e:-3 .14e:-2 .4oe:-3 .52E:-3 .26e:-3 .13e:-4 .13E-5 • 26E-6 . 27 e:- 5 
1-6 • 50E-2 .lOe:-3 .l5E-3 .6le:-3 .53e:-2 . 24E-3 .43e:-2 • 25E-2 .17e:-4 . 46E-4 .37E-5 • 90e:-7 .70e:-4 
6-12 . 52E-2 .18E-3 .ue:-3 .76E- 3 .55E-2 .2oe:-3 .lOe:-2 . 27e:-2 .14E-4 • 86e:-4 . 48e:-5 . 89E-7 .17E-4 
G-1 . 52e:-2 . 28E-4 . 27e:-3 . 45E-3 . 58E-2 . 36E-3 .94E-3 . 29e:-2 .36E-4 .13e:-4 .13e:-4 .13E-6 .16E-4 
1-6 . 52e:-2 .14e:-3 . 29E-3 .65e:-3 .55e:-2 .32E-3 • 24e:-2 . 27e:-2 .35e:-4 .66e:-4 . 41E-5 .19e:-6 . 4le:-4 
6-12 . 38E-2 .llE-2 . 23E-3 .44E-2 .62E-2 .98e:- 3 . 65E-2 • 21E-2 .16e:-4 • 54E-3 .30E-4 . Sle:-6 .l2E-3 
0-1 .47 e:-2 .34E-3 .35E-3 .12E-l • 67E-2 .67E-2 . 23E-2 .27E-2 .36E-4 .l7E-3 . 90e:-4 . 42E-5 • 44E-4 
1-6 . 25E-2 • 29E-3 .36E-3 .67E-l .14E-l .lOE-1 . 22E-2 .23e:-2 .65E-5 .24E-3 .89E-3 . 83E-5 .80E- 4 
6-12 
0-1 • 58E-2 . 24E-3 . 28 e:-3 .27 E-2 .57e:-2 • 23E-2 . 93E-2 .30E-2 .46e:-4 .lle:-3 .17E-4 . 95E-6 .15E-4 
1-6 .48e:-2 .45e:-3 .29e:-3 .5oe:-l .12e:-l . 54E-2 • 24e:-2 .40e:-2 • 90e:-5 .34E-3 .61E-3 . 47e:-5 • Ble:-4 
6-12 • 20e:-2 .39e:-3 • 22e:-3 .65E-l .14E-l • 69e:-2 . 23e:-2 .19e:-2 .13e:-4 • 33e:-3' .89E-3 . 2oe:-4 .87e:-4 
0-1 . 5le:-2 • 23E-3 . 38E-3 .37e:-2 .56e:-2 .16e:-2 . 3le:-2 . 27e:-2 .42e:-4 .lOE-3 . 24E-4 .ue:-5 .53e:-4 
1-6 .22e:-2 .36e:-3 .72e:-3 .62E:-l .14E-l .44e:-2 • 39E-2 • 2le:-2 • 76E-5 .30E-3 .85e:-3 • 98E:-5 .14e:-3 
6-12 . 2le:-2 .49e:-3 .68e:-3 • 86E-l .17E-l .68e:-2 .40e:-2 • 22e:-2 .BOe:-5 . 45e:-3 . .ue:-z .16e:-4 .17E-3 
o-1 . 53e:-2 .16E-3 . 37e:-3 .48e:-3 .56e:-2 .BOe:-3 .lOe:-3 . 28E-2 .lBe:-4 .76E-4 .31E-5 • 70e:-7 .18E-4 
1-6 .48e:-2 . 44e:-3 .46e:-3 .15E-2 • 65E-2 .13e:-2 . 25E-2 • 29e:-2 .20E-4 . 23e:-3- .lle:-4 . 27E-6 . 50e:-4 
6-12 . 27e:-2 . 78e:-3 .38e:-3 . 2oe:-1 • 9le:-2 .26e:-2 . 36e:-2 .2oe:-2 .14e:-4 .5le:-3 .19E-3 .45e:-5 . 93E-4 
7* G-1 . 58e:-2 .lle:-3 .32E-3 .35e:-3 .5le:-3 . 20e:-2 -- • 28e:-2 .48e:-4 .47e:-4 . 2le:-5 .13e:-6 
1-6 . 57E-2 .49E-3 • 38E-3 .17e:-2 .55e:-2 .40e:-3 . 29e:-2 .46e:-4 . 22e:-3 .lle:-4 • 64e:-6 
6-12 . 26e:-2 .96E-3 . 36E-3 . 36E-l .llE-1 .24e:-2 • 22e:-2 .15e:-4 .70e:-3 .40E-3 • 96e:-5 w 
"' 
Table 7. Continued 
Site C 2+ a Mg 2+ + + 2- a Cl - a Li+ Depth a a a K a Na a so4 
8 0-1 . 53£-2 • 27 £-3 • 26£- 3 • 50£-3 . 56£-2 .26£-3 .10£-2 
1-6 • 54£-2 .46£-3 • 23£-3 .17£-2 • 73£-2 • 55£-3 . 23£-2 
6-12 • 40£-2 .74£-3 • 24£-3 . 87£-2 . 71£-3 . 73£-3 . 31£-2 
8* Q-1 . 52£-2 . 29£-3 . 26£-3 .48£-3 .54£-2 .20£-3 --
1-6 . 38£-2 . 55£-3 • 27£-3 .86£-2 . 93£-2 . 66£-3 
6-12 . 24£-2 .51£-3 • 29£-3 • 26£-1 .11£-1 .12£-2 
9 Q-1 • 26£-2 .64£-4 . 27£-3 .46£-3 . 33£-2 .30£-3 .74£-3 
1-6 .44£-2 • 30£-3 • 27£-3 .27 £- 2 .51£-2 .36£-3 • 25£-2 
6-12 . 32£-2 .48£-3 .29£-3 .19£-1 .88£-2 .10£-2 .26£-2 
9* Q-1 .42£-2 . 29£-3 .26£-3 .48£-3 .50£-2 .16£-3 
1-6 . 46£-2 . 48£-3 . 24£-3 .45£-2 .63£-3 . 52£-3 --
6-12 . 29£-2 • 70£-3 • 30£-3 • 29£-1 . 10£-1 . 12£-2 
*Sites wit~*) denote after .54 in rainfall and 72 hrs drying . 
0 CaS04 
+ CaHC03 
0 MgS04 
. 28£-2 .36£-4 .12£-3 
. 35£-2 .27£-4 • 26£-3• 
. 25£-2 . 21£-4 . 40£-3' 
• 27£-2 .28£-4 .13£-3 
. 30£-2 .16£-4 .38£-3 
. 22£-2 .12£-4 .41£-3 
.10£-2 .29£-4 . 21£-4, 
. 22£-2 . 31£-4 .13£-3 
.23£-2 .16£-4 .31£-3 
. 21£-2 .31£-4 .13£-3 
. 27£-2 .25£-4 .24£-3 
.23£-2 .18£-4 .49£-3 
NaSO~ 0 NaHC03 
. 32£-3 .14£-6 
.13£-4 • 37£-6 
. 68£-4 .19£-5 
• 29£-5 .11£-6 
. 87£-4 .15£-5 
.31£-3 • 56£-5 
.19£-5 .20£-6 
.16£-4 . 83£-6 
.18£-3 . 42£-5 
• 29£-5 .14£-6 
.32£-4 .10£-5 
. 31£-3 • 80£-5 
LiSO~ 
.18£-4 
• 49£-4 
. 64£-4 
. 31£-5 
.39£- 4 
.65£-4 
w 
.... 
Table 7 shows the calculated activities of the constituent ions 
along with the calculated activities of the prevalent ion pairs. 
The site profile descriptions are given in Appendix 2. Sites 
through 3 are Typic Torriorthents and sites 4 through 9 are Typic 
Torrifluvents. 
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The high concentration of lithium in the soil extracts was noted. 
Lithium has been reported previously in marine derived soils (Wells, 
1972). However, the concentrations found in the Mancos derived soils 
are regarded as well above the 4 to 5 ppm for sedimentary rocks 
reported by Wells. Lithium was found to be the predominate monoval ent 
cation in these rocks, and was greater than the Na+ and K+ concentra-
tions . Lithium is effective in dispersing clay colloids (Wells, 1972) 
and its presence is considered a factor in promoting the low infil-
tration rates of these soils. 
Both sodium and lithium concentrations tended to be low at the 
surface in most soils but increase with depth (Table 6, columns and 
7; respectively). This can possibly be explained by the solution of 
the monovalent ions by surface overland flow and removal in run-off, 
or by solution and translocation of infiltrated waters. The high 
concentrations of ca2+ and Mg 2+ ions in these soils will, by mass 
action, tend to keep both Li+ and Na+ ions in solution and off the 
exchange complex. Thus, one can expect the quality of both surface 
run-off and perhaps the groundwater that intersect Mancos shale lands 
to reflect the presence of Li+ and Na+. 
The salinity of the Mancos derived soils is due to the presence 
of excess quantities of gypsum in association with variable amounts 
of evaporite salts. By themselves, the evaporites can have a major 
impact on degrading water quality. However, by the indifferent salt 
effect and formation of ion pairs, both induced by evaporites, the 
solubility of gypsum can be increased by as much as 1.7 times as 
shown in this study. Thus, the excess gypsum in these soils, in the 
presence of evaporite salts, forms a potential reservoir of salinity 
. . 
much greater than that ordinarily attributed to it. Percolating 
soil water, although in chemical equilibrium with gypsum 
-5 (Ksp 2.5 x 10 ), can be degraded into saline water. However, the 
presence of evaporites with common ions such as CaC12 and Na2so4 can 
also depress gypsum solubility as shown by this study, thus the 
indigenous salt effect is difficult to predict. 
Kinetics of dissolution 
The role of salt release {dissolution) from various sizes frac-
tions and soil water ratios from a Mancos shale derived soil was 
observed. The dissolution of the soil minerals was monitored by 
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measuring the EC of the contraction solution at various time intervals. 
The salt release data for different soil-water ratios and various 
size fractions are shown in Table 8. These data plotted according to 
the "parabolic law" are shown in Figures 3 to 6. However, instead of 
the amount of salt released (x) plotted vs (t) 112 , the percent of 
total salt released was plotted vs (t) 112 . The rate expression, of 
course, is not affected by this modification. 
Figure 3 shows two distinct reactions occurring during the salt 
release process. Both reaction rates appear to be l i mited by diffu-
sion. The first reaction is rapid, with approximately 80-90 percent 
40 
Table 8. Mancos derived soil dissolution data in EC X 106 at 25°C 
Time 1:1 H20 
1 sec 1154 
10 sec 1528 
20 sec 1970 
30 sec 2078 
1 min 2098 
2 min 2074 
3 min 2082 
4 min 2059 
5 min 2059 
10 min 2098 
30 min 2122 
1 hr 2186 
4 hr 2132 
8 hr 2244 
24 hr 2292 
72 hr 2260 
Equilibrium 
(7-9 days) 2272 
*Retained on sieves, 
\ 
"' 
Natural soil Size fractions {1: 1 dilution~ 
1:10 H20 1:50 H20 lmm .25 mm .100 mm P lOOm* 
825 98.3 799 1206 1810 2022 
1060 182.2 1023 1428 2032 2210 
1289 282.4 1130 1720 2246 2248 
1298 350.8 
1324 381.4 1238 1932 2279 2316 
1450 448.2 
1818 452.4 
1886 653.4 
1932 653.0 
1936 687 . 0 1798 2038 2289 2380 
1948 821.2 1842 2172 2300 2858 
2062 846.1 1966 2220 2348 2400 
2154 1208 
2178 1304 2321 2332 2398 2476 
2300 1640 2400 2480 2556 2492 
2431 1642 2432 2592 2548 2476 
2470 1656 2512 2602 2579 2481 
and PlOO-passing 100 mm sieve, 1:1 dilution. 
10 ~ I, ~ 9~....,o....-._. 0:: 
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Figure 3. Dissolution rate of a natural marine derived soil at 25°C. 
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Figure 4 . Dissolut i on rate of > 1 mm and > • 25 mm natural soil fractions at zs•c·. "' 
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Figure 5 . Dissolution rate of > .10 mm and P .10 mm natural soil fractions at 25"C. 
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Figure 6. Effect of dilution upon the dissolution rate of a natural marine derived soil at 25°C . 
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of the total salt being re l eas ed in a t i me period of about 2 minutes. 
The second reaction is slow with to 9 days required to dissolve 
the remaining lQ-20 percent of the salt. The first reaction is 
assumed to be the dissolution of evaporites or indigenous salt existing 
at or near the surface of the soil particles. The second reaction is 
ascribed to the slow weathering or breakdown of large more resistant 
mineral fragments. It can be imagined that the magnitude of the 
second reaction reflects the lack of natural weathering that has 
occurred in the field. The affect of increasing the ratio of water 
present (Figure 4) was to decrease the total EC of solution as was 
expected, particularly during the initial stages of salt release. 
Both the 1:1 and 1:10 soil water ratios reached an EC value at equi-
librium (Table 8) which suggests that gypsum was the prevalent soluble 
mineral. The value reached by the 1:50 soil-water ratio (EC x 106 
• 1650) indicated that all the gypsum had dissolved and dilution had 
occurred . 
Figures 5 and 6 show how the various size fractions of the same 
soil released salt with time in a 1:1 soil-water ratio system. As 
expected the larger the particle size the slower the salt was released. 
The final amount of salt released by each fraction, however, was the 
same (see Table 8) and again suggested the predominant influence of 
gypsum . It was noted that the particles that passed through a 100 
mesh sieve reached equilibrium in slightly over 24 hours. 
The sequential analyses of the solution resulting from a 1:1 
soil-water ratio of the whole soil is shown in Table 9. The data 
show the release of cations and anions becomes very slow after 
Table 9 . Sequential chemical analysis of mineral dissolution in mmoles/1 (1:1 rl ilution) 
EC x 106 ca2+ Mg2+ Na2+ K+ Li+ Cl Reo; 
10 sec 1550 11.24 .38 .59 .41 1.83 . 20 .73 
20 sec 1662 11.38 .49 . 54 .44 1.91 .37 .89 
30 s ec 1770 11.69 .53 .53 .46 1.98 .44 1.01 
1 min 1931 14.84 .69 .58 .50 2.22 .67 1. 30 
10 min 2092 15.80 1.04 1.12 .55 2. 77 .69 1.27 
20 min 2134 15.06 1.03 .95 .50 2.65 .62 1.31 
30 min 2136 14.98 1.10 1.10 • 57 2. 77 .67 1. 54 
1 hr 2136 15 . 10 1.08 1.09 .57 2. 58 .65 1. 38 
24 hr 2292 15.80 1.05 1. 38 .67 2. 71 .55 1.54 
72 hr 2260 16.65 . 62 1. 29 . 68 2.84 .55 1. 22 
so2-
4 
12.87 
12.91 
13.28 
16.71 
20.01 
17 .21 
17.92 
18.49 
18.23 
18.68 
..,. 
"' 
10 minutes of reaction has occurred. This correlates with the start 
of the "slow" dissolution reaction. The Li+ ion content was found to 
be greater than both the Na+ and K+ ion content. The increase in the 
2-804 ion concentration during the "slow" reaction suggested that this 
was the principle anion involved in the process. 
Salt release curves 
Figure 7 shows the salt release (leaching) curve for 10 grams of 
Mancos derived surface soil (0-1 inch). The soil was mixed with an 
47 
equal amount of washed silica sand to promote infiltration. Distilled 
water was added to the top of the column by a constant head mechanism 
and the flow rate was controlled at about 5 ml per hour. The soil 
column was used in conjunction with an automatic fraction collector 
which effected the collection of 10 ml increments of effluent. 
The initial 10 ml of effluent had an EC of 2.35 mmhos, while the 
final, more or less stable, EC reached a value of .28 mmhos. This 
later value can be considered as the base salinity of this soil and 
represents the salt output of the soil after weathering has removed 
the gypsum and lime from the soil. 
Figure 7 shows that after 50-60 mls had passed through the column 
a plateau (1.95 mmhos) in the salt release curve occurs. At this 
point it was assumed that the gypsum was controlled in the concentra-
tion of the percolating water. A second plateau occurred at about 
.45 mmhos which was assumed to indicate the dis solution of Caco3 in 
the soil. 
It is of interest to calculate the total potential salt produc-
tion of this soil f rom the data given in Figure 7. The commonly used 
2:4: 
22 
2.0 
1.8 
(Y) 1.6 
0 1.4 
-c- 1.2 
X 1.0 
u .80 
w .60 
AO 
·
2
'""b .5b 160 150 2o'o 25o 300 35o 4o'o 
ML OF EFFLUENT 
Figure 7. Salt release curve of a composite surface sample at 25°C. 
..,. 
0> 
relationship between EC and salt concentration is: 
(EC x 103) 640 a ppm salt (~g/ml) [a] 
(Handbook 60, 1953). 
In a system containing gypsum, about 20 percent of the gypsum in 
solution occurs as the uncharged CaSO~ ion pair (Tanji, 1969). Thus, 
the r elation is modified to become: 
(EC x 103) 768 a ppm salt (~g/ml) [b] 
Both equations [a] and [b] are used in calculating the total 
salt production. The method used in the calculation is based on 
the cut-out weighing method to determine the integrated area under 
a curve. The method is calibrated by determining the mass of graph 
paper that represents a known quantity of salt. Since 60 ml of 
effluent contained gypsum and about 340 ml of effluent was gypsum 
free, then using both equations [a] and [b]: 
(768)(2.35)(60 ml) + (640)(2.35)(340 ml) a 619648 ~g salt. 
The area under the curve which represents 619648 ~g of salt was 
determined by cutting out the appropriate figure from the graph paper 
and weighing the cut-out on an analytical balance. In this case, 
519648 ~g of salt was equivalent to 1534 mg of graph paper. Next the 
ourve shown in Figure 7 was cut out and weighed. The salt release 
~urve for 10 gms of soil was represented by a mass of 468 mg of gr aph 
>aper. To calculate the salt released (x) from the Mancos derived 
>oil, the following relation was used: 
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468 mg = 1534 mg 
X 619648 )Jg 
x = 189045 )Jg salt from 10 grams of soil. 
In other words, the soil contains about 1.89 percent salt. 
Assuming an acre-6 inch slice weighs 2 x 106 pounds, an acre inch of 
this surface can release 3.15 tons ·of salt. It car, b-e saen that the 
salt producing capability of these soils can have a definite impact on 
the quality of percolating water. This point is further strengthened 
by noting that in these soils, the salinity increases with depth (see 
Table 6). 
SUMMARY 
Initial studies were conducted to determine the thermodynamic 
solubility (Ksp) of pure gypsum (Csso4 • 2H20) and Caco3 . The affect 
of various electrolyte salts on their solubility in the pure mineral 
system was studied. The electrolytes NaCl, MgCl2, Na2so4 and CaC12 
were added in increments of 10, 25, 50 and 100 meq/liter. The addi-
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tion of NaCl or MgC1 2 was found to increase the solubility of gypsum. 
The increase in gypsum solubility was considered due to the decrease 
in the value of the activity coefficient of ca2+ and SO~- ions as well 
as the formation of ion pairs as MgSO~ and NaSO~. The prese~ce of 
Na 2so4 and CaC1 2 depressed the solubility of gypsum due to the 
common ion effect. 
The solubility of Caco3 was increased by the addition of NaCl, 
MgC1 2 or Na2so4 salts. Both the indifferent salt effect and ion pair 
formation was considered responsible for the increase in solubility. 
Addition of Cac12 depressed the solubility of Caco3 because of the 
common ion effect. 
Soils from nine study sites in the Price River Basin were 
collected at depths of 0-1, 1-6, and 6-12 inch depths and analyzed for 
constituent ions. The soils were found to be gypsiferous with various 
amounts of indigenous or evaporite salts present. Soil salinity 
increased with depth. Evaporite salt, as shown in this study, can both 
increase or decrease the solubility of gypsum. Thus the ultimate 
effect of salt on the solubility of gypsum and the resultant salinity 
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of contacting water is difficult to predict. However, soil gypsum in 
the presence of evaporites as NaCl and MgC1 2 can form a salinity 
reservoir much greater than expected when considering gypsum solubility 
in pure water. Lithium was found to be the predominate monovalent ion 
in the soils studied. The concentration of Li+ ion was greater than 
the sum of Na+ and K+ ion concentration. 
Kinetic studies of Price River Basin soils showed that two dif-
fusion controlled chemical reactions had occurred. The "fast" reaction, 
with 80 to 90 percent of the total salt being released, was assumed to 
be the dissolution of evaporites or indigenous salt that existed at 
or near the surface of the soil particles. The slow reaction was 
ascribed to the weathering or breakdown of large resistant mineral 
fragments. The dissolution reactions could be well described by the 
simple parabolic law: x ~ k' (t) 112 , where xis the amount of material 
diffusing, k' is the overall diffusion constant and t is time. 
A salt release curve was obtained and analyzed to evaluate the 
potential total salt producing capability of a representative weathered 
surface soil from the Price River Basin. The soil studied had a 
calculated capability, on an acre inch basis, to produce 3.15 tons of 
salt. 
CONCLUSIONS 
1. The salinity of the Mancos derived soils is due to the 
presence of gypsum and indigenous evaporite salts. 
2. Evaporite salts can increase the solubility of gypsum due to 
the indifferent salt effect and ion pair formation . The presence of 
a common ion decreases the solubility of gypsum. 
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3. Lithium is the dominate monovalent cation associated with the 
soils studied in this project. In most cases the lithium concentra-
tion is greater than the sodium plus potassium concentrations. This 
is an area for possible further research. 
4. Salt release from the Mancos derived soils is controlled by 
the parabollic diffusion law. 
5. Two diffusion controlled reactions occur: (a) a fast surface 
reaction and (b) a slow mineral weathering reaction. 
6. The fast reaction accounts for 80-90 percent of the total 
salt production. This is due to precipitated salt on the surfac,e of 
mineral particles and to the dissolution of the fine mineral fraction. 
7. The slow reaction, accounting for 10-20 percent of the total 
salt .production, is the result of dissolution of the larger more 
resistant mineral fraction. 
8. Chemical equilibrium was reached with the < .10 mm fraction 
in less than 72 hours while the large > 1 mm fraction required 7 to 
days. This area needs further research due to its i mplications in 
sediment transport. 
9. Salt production from a weathered surface soil sample was 
measured and found to be 1.89 percent of its total mass. 
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Append i x 
Table 10. Activity coefficients cal culated from soil filtrate analyt-
ical data 
Ca2+ Mg2+ K+ Na+ so 2-
4 
Li+ C02-
3 Reo; 
Caso4 .490 . 498 .824 .828 .490 . 843 . 497 .839 + 10 meq NaCl .449 .459 .·804 .809 . 449 .827 .457 .8"22 
25 meq NaCl . 404 .415 . 778 .785 .404 .808 .413 .801 
50 meq NaCl .363 .376 .753 . 761 .363 .789 .373 .782 
100 meq NaCl .320 .334 .723 .734 .320 . 768 .332 .759 
10 meq MgC1 2 .444 .454 . 801 .806 .444 .825 .452 .820 25 meq MgC12 . 391 . 403 .771 .778 .391 .802 .400 .795 50 meq MgC1 2 .350 .364 .745 .753 .350 .783 .361 .775 100 meq MgC12 .302 .317 . 710 .721 .302 .758 .314 .748 10 meq CaC1 2 .484 .493 .822 . 826 .484 .841 .491 . 837 25 meq CaC12 .453 .463 .806 .811 .453 .829 .461 .824 50 meq CaC12 .412 .423 .783 . 789 .412 .811 .421 .805 100 meq Cacl3 .333 .347 . 733 .743 .333 .775 .345 .766 10 meq Na2s 4 . 485 . 494 .822 .826 .485 .842 .492 .837 25 meq Na2so4 .440 .451 .799 .804 .440 .823 .449 .818 50 meq Na2so4 .400 .411 .776 .783 .400 .806 .409 .800 100 meq Na2so 4 . 361 .372 .749 • 748 .361 .784 .368 .772 
Caco3 .750 . 752 .928 .929 .750 .931 . 751 .931 + 10 meq NaC1 .633 . 637 .886 .888 .633 .895 .636 .893 
25 meq NaCl .534 .541 .845 .848 .534 .860 .540 .857 
50 meq NaC1 .462 .472 .810 .815 .462 .832 .470 .828 
100 meq NaC1 .372 .385 .759 .767 .372 • 794 .382 .786 
10 meg Mgcl 2 .606 .612 .876 . 878 .606 .886 .611 .884 25 meq MgC12 .514 .522 .836 .840 . 514 .853 .521 .849 50 meq MgC1 2 .412 .423 . 783 .789 .412 .811 .421 .805 100 meq MgC1 2 .339 .353 .737 .746 .339 .778 . 350 .769 10 meq CaC1 2 .606 . 611 .876 .878 .606 .886 .610 .883 25 meq CaC1 2 .514 . 521 .836 .839 .514 .853 .520 .849 50 meq CaC12 .412 .423 .783 .789 . 412 .811 .421 .805 100 meq CaC1 2 .332 .347 .733 .742 .333 .774 .344 .766 
10 meq Na2so4 .579 .585 . 865 .867 .579 . 877 .584 .874 25 meq Na 2so4 .470 .479 .814 .819 .470 .836 .477 .831 50 meq Na2so 4 .409 .420 .781 .787 .409 .810 .418 . 804 100 meq Na2so 4 .331 .345 .731 .741 . 331. .774 .342 .765 
Site Depth 
1 Q-1 .460 .469 .809 . 814 .460 .832 .468 .827 
1-6 .458 . 468 .808 .813 .458 .831 . 466 .826 
6-12 .449 . 459 .803 .8'19 . 449 .827 .457 .822 
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Table 10. Continued 
ca2+ Mg2+ K+ Na+ so 2-
4 
Li+ co 2-
3 Reo; 
Site Depth 
2 0-1 .672 .676 .901 .902 .672 .907 .675 .906 
1-li .470 .479 .814 .819 .470 .836 .477 .831 
6-12 .470 .479 .814 • 819 .470 .836 .477 .831 
3 0-1 .466 .475 .812 .817 .466 .834 .473 .829 
1-6 .465 .474 .812 .816 .465 .833 .472 .829 
6-12 .446 .456 .802 .807 .446 .826 . 454 .820 
4 0-1 .420 .431 .787 .793 .420 .8.5 .428 .809 
1-6 .321 .335 .724 .734 .321 .769 .333 .759 
6-12 
5 o-1 .587 .247 .281 271 .573 .237 . 740 . 771 
1-6 .330 .344 .731 .740 .330 .773 .341 .764 
6-12 .325 .339 .727 .737 .325 .770 .336 .761 
6 Q-1 .452 .462 .805 .810 .452 .828 .460 .823 
1-6 .327 .341 . 728 .738 .327 .771 .338 .762 
6-12 .297 .312 .706 .717 .297 .756 .309 .745 
0-1 .465 .475 .812 .817 .465 .834 .473 .829 
1-6 .448 .458 .803 .808 .448 .827 .456 .821 
6-12 .403 .415 .778 . 784 .403 .808 .412 .801 
7* I'l-l .470 . 479 .814 .819 .470 .836 .477 .831 
1-6 .223 .330 .341 .274 .225 .339 . 614 .311 
6-12 .371 .384 .758 .766 .371 .793 .381 .786 
8 I'l-l .463 . 472 .811 .815 .463 .833 .470 .828 
1-6 .431 .441 .793 .799 .431 .819 .439 .814 
6-12 .434 .445 .795 .801 .434 .821 .443 .815 
8* Q-1 .472 .481 .815 .820 .472 .836 .479 .832 
1-6 .418 .429 .786 . 792 .418 .Rl4 .427 .808 
6-12 .383 .395 .766 .773 .383 . 798 .393 .791 
9 0-1 • 263 .644 .278 .463 .333 .301 .165 .892 
1-6 .477 .486 .818 .823 .477 .839 .485 .834 
6-12 .411 .422 .782 . 789 .411 .811 .420 .805 
9* I'l-l .494 .502 .826 .830 .494 .845 .501 .841 
1-6 .455 .465 .807 .812 .455 .830 .463 . 825 
6-12 .387 .399 .768 .775 .387 .800 .397 . 793 
and Cl ~ K, CaOH = CaHC03 = Li, MgHC0
3 
= MgOH, and NaS04 = NaC03 = KS04 ~ HC03 
Sites 1, 2, 3 
Appendix 2 
Soil Classification 
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A1 - n-7.6 em. Light grey (2.5 Y 5/2) moist; shaley clay loam; vesicular, 
fine, weak, subangular blocky; hard, firm sticky, plastic; 
fine continuous pores, ·few roots; strongly calcareous, 
alkaline with few gypsum crystals on shale chips (1-2 mm) 
clear, wavy boundary. 
c1 - 7.6-16.5 em. Grey (2.5 Y 5/0) moist; shaly clay loam; moderate, 
medium to fine subangular blocky; sticky and plastic; large 
continuous pores; (2-3 mm) chips of shale, few roots; 
calcareous, alkaline with gypsum crystals on shale chips; 
diffuse boundary. 
c2 - 16.5-39 em. Grey (2.5 Y 5/0) moist; shale intermixed with silty clay; 
weak, medium, platy to weak; moderate, subangular blocky; 
many gypsum crystals (30% shale); calcareous, alkaline, 
irregular boundary. 
R - 39 em + Marine shale 
Family 
Clayey, mixed 
calcareous, mesic, 
shallow 
Sites 4, 5, 6 
Subgroup 
Typic torriorthent 
Order 
Entisol 
A1 - Q-5 em . Light greyish brown (2.5 Y 4/2) moist, silty, clay loam; 
weak, fine granular, vesicular; sticky and plastic, many 
continuous pores; overlaid by gravel cap; few roots, 
calcareous, alkaline, gradual boundary. 
c1 - 5-38 em. Light greyish brown (2.5 Y 5/2) moist; silty clay loam; 
moderate, fine, granular to subangular blocky; sticky 
and plastic; few roots, abundant gypsum crystals, 
calcareous, alkaline, diffuse boundary. 
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c2 - 38-63.5 em. Light greyish brown (2.5 Y 5/2) moist; silty clay loam; 
strong, medium, platy with gypsum crystals on the surface 
of plates; extremely firm; few fine roots; calcareous, 
alkaline, thin wavy boundary. 
c3 - 63.5-96 em. Light grey (2.5 Y 5/0) moist; shaley clay loam; weak, 
fine columnar; abundant crystals of gypsum, calcareous, 
alkaline; abrupt boundary. 
R - 96 em + Marine shale 
Fine, silty, mixed, . 
calcareous, mesic 
Sites 7, 8, 9 
Subgroup 
Typic Torrifluvent 
Order 
Entisol 
A1 - D-35 em. Light greyish brown (2.5 Y 5/2) moist; silty clay loam; 
vesicular, weak, fine granular; moderately sticky; few 
fine roots; strongly calcareous, alkaline; gradual boundary. 
A12 - 3.5-7.6 em. Light greyish brown (25 Y 6/2) moist; silty clay loam; 
moderate to fine granular; sticky and plastic; few fine 
roots; strongly calcareous, alkaline; clear wavy boundary . 
c1 - 7.6-30 em. Light greyish yellow (2.5 Y 7/4) moist; silty clay; 
strong, granular to subangular blocky; sticky and plastic; 
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few fine roots; some gypsum crystals; strongly calcareous, 
alkaline, abrupt smooth boundary. 
c2 - 3Q-70 em. Light greyish brown (2.5 Y 6/2) moist; silty clay; strong, 
fine subangular blocky; plastic and sticky; mottled with 
large concentrations of gypsum; diffuse boundary. 
c3 - 70-101 em. Light greyish brown (2.5 Y 6/2) moist, silty clay; strong, 
fine granular, sticky and plastic; few mottles, very few 
gypsum crystals; No evidence of plant influence. 
Clayey, mixed, calcareous, 
mesic 
Subgroup 
Typic Torrifluvent 
Order 
Entisol 
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Appendix 3 
Computer Program 
1 10 P4li'. CCR~[CTIC~. !~PUT CAo~G.NAoKoS04•Cl H HLES/l ~NC PH. 
lHE~ EC 1' ~~CS/C~ 1\C LITHIU~, IF ANY. IF NC EC GR Ll THEY=O 
-, - - J<t;-tr· ·f'tnrt · t e IS fl'tr · F.SSffvTHl TO IHIS PROGRAI' 
I 
REAL ~GO~oLtdk~(I~64~llo~A~SO~.~~iC~3 
~iAL ~G.~~~84o~GCCJ,~C~C03oNA.~A~C4oloKoKSD'·~AYCC3•KCLo~ACL 
'CllloSIZEoU~'Lfolo8l=I0.••<·<.5C65•Z•Z•UHAlf)/(l.+.32el•SIZE• 
~t.;HALfl+tJ\.i) 
·'"'1TL<col6> 
lE FCR~~T(////~l~···T~IS ~~OGA4M CO~RECTS ICN ~CT!VITIES FeR !CN 
CF~l ~ l~G ~ y A~ IT E~•T TVf P~CCECU~l 1 o//J 
otilldf:ol S 1 
15 fCR"A113 UX •'•LL FIGURES GIVEN I~ •CLES/LITER*o/ol 
~R!h(b,lll 
17 fGRMH<3~X,'l ~ rTrn CONCEURATIO~S FRCM CATA'olo30X• 
C'H!TIAL ACTJ VJT!FS VC S CC~ A~C 1-'CC~ FRO~ P~'•l•> 
1 kt,D<S,z,E~ D= 7)C(~,r ~ c .. c~~,c~,cSC4,CCL~Pb•EC,CL! 
FCf< MA 1 {:if 6 . ~ l 
oid T£16>3 J 
c sc.4•,.ex,•cL'•9'X,•tT•,qx,•J.s.•,.,t> 
~=10••(-l.•PI- J 
CCC3=2.04~·!L;~•*2. 
CrlCG5=CCu3•H/4.~rE-ll. 
LH=l 0• •(-l.•ll4.-P~ll 
~rlTt(6,4JCQA,C•G, C\AoC ~.CrC03oCC03oCS04•CCL,Cll 
Ll = CL I 
~G=C~C 
Ct=CC-' 
~A=C~.A 
X =C ~ 
I-CC3 =CH C~ .3 
CC~=::C :;3 
CL=t..:CL 
~L~:::CSW4 
CC 5 J=lol2 
lHJ. [G .!>C O TL' :'<0 
CP=CA/ftCA 
r- G=r--. C/A:--l ~i 
~;.::. N A/~\ .1 
L I ~, l .i I .:, i_ I 
~=~/A~ 
CL=CL/;CL. 
:;; 
:::C~t= ~Ct. /,:. SC 4 
L C! =lU I .> C C 3 
hL( 3= r·:CJ / ~4l C3 
~~~C4=~~j 24 /, ~ASC 4 
II SC 4=~ SC40K:;C4 
LISC4=LI SC 4/~L!SC4 
~G~C G3=MG HC~ J ;~•C~C C 
l~~CL3=S•HCU3 /~Cl~CC 
~ G Ch =~GC~ /A~ GC~ 
CHH =UG HUUCP 
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35 · cc~TINU!: L=CA•4.+ •G • 4 .+~1+~+ H CC3+CC!•4.+CL+SC4•4,+~ASC4•K!C4+MC~C03+C~~CC3 
K+LI+L! S84 t ~GCP +CICH 
~=LI<. 
~~~Lt= SGrl H L > 
If<J.c ~ .!) G~ TO ,, 
C~=C~•A C .> 
~ G= t< G •A~ ;; 
~ i< = 1\ A * ~ t; ~ 
K=~•A K 
Ll =llqll 
Sl 4 = .JC~*,~SL 4 
CL =C L•~ CL 
HCC 3=HC03 • AHLC3 
CC ! =CC3 • .l CC3 
L ISCio=Ll SC 4•·1LlSC4 
l\ SC4 = t, SQ4• . .,~5[ o. 
~~~C4~~~~ c ~~ ~~ASC G 
C'~CCj= C .l~i CC3 ~~CA~CG 
~ G ~C ~3=M~HC~ >•A• G PCC 
C ICn= CAOb • •IG ~ C I' 
~GCH=~GOr. • A~CC~ 
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ACI= I AC T IZ .o o . O . LH~L< o Uo .lE5)) 
~ ~ C = ( .I C T \ Z • , ~ • 5 • l r l L F , [, • • 2 v I l 
i</I=(A CT (l.o3.'• U~I lf•L•. O l~)) 
~~'=<• C Til •• •.C·U~ALFo U o. C 75ll 
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H C 3= ( ~ C TC 2 .-, S . 4 • Lf' ! L f , U, • C l ) 
' Ct- = I~ C T I 1 • •,. 5 • U t- ''- r, U,. C > l 
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AUS 0 4 = (~ Cl <l •• ~.C.U~Alf,Lo.al> 
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P. S ( 4 ::. ( A C T ( 2 . , ~ • C , t_ P .~ :_ r , 'J, - • 0 4 ) ) 
' CL = ~ K 
~ t-, A ) J 4:: ~ }· C C 3 
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A K~C4=AHC2 .! 
P C .tL h::.~ L : 
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If ( J . c ;; • i I C L = C C l * i C ~ 
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